This report explores the consequences of acoustic overexposures on hearing in noisy environments for two macaque monkeys trained to perform a reaction time detection task using a Go/No-Go lever release paradigm. Behavioral and non-invasive physiological assessments were obtained before and after narrowband noise exposure. Physiological measurements showed elevated auditory brainstem response (ABR) thresholds and absent distortion product otoacoustic emissions (DPOAEs) post-exposure relative to pre-exposure. Audiograms revealed frequency specific increases in tone detection thresholds, with the greatest increases at the exposure band frequency and higher. Masked detection was affected in a similar frequency specific manner: threshold shift rates (change of masked threshold per dB increase in noise level) were lower than pre-exposure values at frequencies higher than the exposure band. Detection thresholds in sinusoidally amplitude modulated (SAM) noise post-exposure showed no difference from those in unmodulated noise, whereas pre-exposure masked detection thresholds were lower in the presence of SAM noise compared to unmodulated noise. These frequency-dependent results were correlated with cochlear histopathological changes in monkeys that underwent similar noise exposure. These results reveal that behavioral and physiological effects of noise exposure in macaques are similar to those seen in humans and provide preliminary information on the relationship between noise exposure, cochlear pathology and perceptual changes in hearing within individual subjects.
Introduction
Overexposure to loud acoustic stimuli is one of the most common forms of acquired hearing loss, and noise induced hearing loss (NIHL) has significant financial implications as one of the most commonly compensated work or military related injuries (Le Prell and Clavier, 2017; Ryan et al., 2016) . The cochlear consequences of noise exposure can include changes to the sensory elements of the cochlea, namely inner hair cells (IHC), outer hair cells (OHC), stereocilia, and IHC ribbon synapses (e.g., Liberman, 2009, 2015; Sergeyenko et al., 2013; Furman et al., 2013; Valero et al., 2017) as well as damage to supporting cells, changes to the cochlear vasculature, and disruption of the cellular metabolic processes (reviewed in Saunders et al., 1985 Saunders et al., , 1991 . The precise effects of noise exposure are known to be variable within individuals in many species (Davis et al., 1950; Kryter and Garinther, 1965; Ward, 1965; Cody and Robertson, 1983; Wang et al., 2002a,b) , including primates (Moody et al., 1978; Valero et al., 2017) and humans (e.g., Davis et al., 1950) . The differences in the amounts of synaptopathy and hair cell loss may explain findings for patients with NIHL who present with identical audiograms but demonstrate different functional impairments and report different perceptions of their hearing loss (Kochkin, 2007) .
While the human behavioral data detailing the expressions of hearing loss in terms of audiometric thresholds, speech understanding, and speech in noise understanding is extensive (e.g. Moore, 2016) , our understanding of the cochlear and central changes underlying such perceptual impairments is limited, since we typically cannot combine behavioral testing with temporal bone histology. However, more specific diagnostics of cochlear pathology could potentially improve our ability to provide more targeted therapies as they become available. To circumvent these problems, NIHL has been extensively studied in a variety of animal models including mice, guinea pigs, chinchillas, and cats (e.g., Kujawa and Liberman, 2015; Lin et al., 2011; Harding and Bohne, 2004; Miller et al. 1963 Miller et al. , 1997 , since they provide large, homogeneous populations for studying the anatomical and physiologic effects of noise exposure. Since susceptibility to noise varies across species (Dobie and Humes, 2017) , it makes sense to study the species with greatest phylogenetic similarity as well as noise exposure susceptibility to humans.
Nonhuman primates provide a powerful bridge between the physiological and anatomical studies afforded by animal models and the psychoacoustic data collected from human subjects listening in complex environments. Because nonhuman primates are phylogenetically very close to humans, can be trained to perform complex behavioral tasks like humans, and show susceptibility to noise exposure that is similar to that of humans (Moody et al., 1978; Igarashi et al., 1978; Valero et al., 2017) , we can combine anatomic verification of cochlear histopathology with behavioral studies to investigate the effects of controlled noise exposure as a model for human NIHL. Previous studies of NIHL in primates only reported effects on detection of tones in quiet (e.g., Moody et al., 1978) , while real world hearing and a patient's individual perception of their hearing loss typically involves hearing in noisy backgrounds. Here we report on the results of behavioral measurements of hearing in noisy environments for macaques that underwent high sound pressure level noise exposure that caused permanent threshold shifts. The current report extends previous studies of NIHL by measuring the hearing in more realistic circumstances, and comparing the clinically measurable behavioral deficits with cochlear histopathological changes in other similarly-aged, noiseexposed Macaca mulatta subjects recently described by Valero et al. (2017) . These data form the baseline for investigations of peripheral and central neuronal encoding of these changed behaviors, investigations of central anatomical changes secondary to cochlear changes, as well as for investigations of the treatment of hearing loss.
Methods
All procedures were approved by the Animal Care and Use Committee at Vanderbilt University Medical Center and were in strict compliance with the guidelines for animal research established by the National Institutes of Health.
Subjects
Two male macaque monkeys were trained to perform behavioral detection experiments. Monkey L (Macaca mulatta) was 11 years old and Monkey G (Macaca radiata) was 9.5 years old at the time of noise exposure. Both behavioral and non-invasive physiological measures were obtained pre-and post-noise exposure. These trained macaques continue to be used in ongoing behavioral studies, so cochlear histology from these subjects is not available at this time. We refer to histology from a second cohort that was subject to the same noise exposure as Monkey G (Valero et al., 2017) for comparisons described in the Results.
Noise exposure
Subjects were treated with atropine (0.04 mg/kg) and sedated with an intramuscular injection of ketamine (3e5 mg/kg) and dexmedetomidine (10e40 mg/kg). They were intubated and placed in a prone position with the head slightly raised in a sound treated booth (Acoustic Systems Booth). Further procedures were conducted under isofluorane anesthesia (1e2%), with vital signs being monitored throughout the procedure. Pediatric ER-3 insert earphones were trimmed and inserted deep into each ear canal. The earphones were attached to closed-field loudspeakers (MF1, Tucker-David Technologies) through a 10-cm polyethylene tube. The loudspeakers were calibrated using a ¼-inch microphone (model 378C01, PCB Piezotronics) coupled to the tubing, insert earphones and a short tube (~1 cm) with internal diameter matching the macaque external auditory meatus (Spezio et al., 2000) . The exposure stimulus was a 50-Hz wide band of noise centered at 2 kHz, and it was presented for four hours. Fig. 1 shows the spectrum of the noise synthesized to create the hearing loss (black line). The output of the microphone was recorded and subject to a fast Fourier transform to compare the spectrum to the desired (synthesized) spectrum. The spectrum of the output of the microphone is shown in Fig. 1 (red lines) . The noise floor was higher than that of the synthesized digital signal, but overall, the bandwidth of the input and the output signals were very similar. Parallel studies suggested that exposure noise with sound pressure levels up to 140 dB SPL only caused temporary threshold shifts, but no permanent threshold shifts, as assessed by ABR (Valero et al., 2017) . So, Monkey L was exposed to 141 dB SPL. Monkey G was exposed to the same stimulus at 146 dB SPL since the 141 dB exposure caused only moderate hearing loss (see Figs. 2 and 4 below). The level of each exposure stimulus varied by less than 0.3 dB SPL over the course of the four-hour procedure. Post-procedure, monkeys were monitored intensively for 72 h, or longer, before they were returned to baseline daily monitoring in their home cage. Typically, behavioral data were collected starting one week after the noise exposure and the audiogram was repeatedly measured to monitor changes over time. Data shown here were obtained over the first year following noise exposure.
Physiological testing

Auditory brainstem response
The auditory brainstem response (ABR) is a common audiological clinical measure of neural integrity. The results can be used to estimate hearing thresholds for difficult to test human subjects as well as animals (Davis and Hirsh, 1979; Heffner et al., 2008) . During ABR testing, subjects were initially sedated with ketamine (10 mg/ kg im) and midazolam (0.05 mg/kg im). Sedation was maintained during testing with isofluorane (1e2%). Monkeys were intubated and placed in a sound treated booth in a prone position with head slightly elevated and facing a calibrated free field loudspeaker, as used in the behavioral experiments (SA1 loudspeakers, Selah Audio). Ears were positioned 90 cm from the speaker, in a manner Fig. 1 . The black trace shows the spectrum of the digitally created signal. The red trace shows the spectrum of the signal received by the microphone after passing though the stimulus delivery apparatus and a tube that mimicked the macaque external auditory meatus. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) identical to that used for behavioral experiments. Subdermal needle electrodes (Rhythmlink) were placed at the forehead (reference, inverting) and shoulder (ground), and a TMTrode (Intelligent Hearing Systems, non-inverting) was placed on the tympanic membrane of the ear being tested. The TMTrodes were prepared for recording by soaking the wick in saline and coating them in Ten20 conductive paste. Impedances for subdermal needle electrodes were consistently less than 1 kU, and those for TMTrodes were typically 3e5 kU throughout the procedure. ABRs were measured for both ears.
ABRs were collected and averaged using BioSigRZ software (Tucker-Davis Technologies). Clicks and tone bursts with frequencies that spanned the audible range of macaques were used as stimuli (0.5, 1, 1.414, 2, 2.828, 4, 8, 16, and 32 kHz; Pfingst et al., 1975; Pfingst et al., 1978; Dylla et al., 2013; Bohlen et al., 2014) . Stimuli were presented at a rate of 27.7/second for two repeats of 1024 presentations of each stimulus. Toneburst stimuli had rise/fall times of 1 ms (2e32 kHz), 2 ms (1e1.414 kHz), or 4 ms (0.5 kHz) and plateau durations of 0.5 ms (2e32 kHz), 1 ms (1e1.414 kHz), or 2 ms (0.5 kHz). Recorded ABR signals were digitally filtered from .1 kHz Valero et al. (2017) are shown as grey (pre-exposure) and pink (post-exposure) with error bars show ±1 standard deviation. B: Similar to A, but for Monkey L. Post-exposure measures were obtained at 16 weeks. C, E: DPOAE measurements before (black), immediately post-(blue) and at 5 weeks post-exposure (red) for the left (C) and right ears (E) of Monkey G. In both panels, solid lines show distortion product (DP) magnitudes and the dashed thin line shows the noise floor (NF). D, F: Similar to C, E, but for monkey L. As in B, post-exposure measurements were obtained at 16 weeks. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) to 3 kHz. Stimulus level was decreased from a starting level of 90 dB SPL in 5 or 10 dB steps until there was no repeatable response with an amplitude !120 nV. ABR threshold was defined as the lowest level (to the nearest 5 dB) at which a repeatable response with amplitude greater than or equal to 120 nV could be identified. ABR thresholds were measured prior to noise exposure for both subjects (pre-exposure baseline). Post-exposure ABRs were measured at 5 weeks following noise exposure for Monkey G, and at 16 weeks following exposure for Monkey L.
Distortion product otoacoustic emissions (DPOAEs)
DPOAEs provide an estimate of cochlear health, particularly of the OHCs (e.g., Kemp, 2002) , which are a necessary component for normal hearing. DPOAEs were collected during the same sedated procedure as for the ABRs, and immediately following noise exposure. A clinical OAE system (Bio-logic Scout, Natus) was used to deliver paired pure-tone stimuli into the subject's ear canal and record emissions from the ear. DPOAEs were measured between .5 and 8 kHz using a frequency ratio (f2/f1) of 1.22 (after Gorga et al., 1993) , and presentation levels of 65 dB SPL (L1, level of f1) and 55 dB SPL (L2, level of f2) at eight frequencies per octave. A distortion product (DP) was considered to be present if it had a level of at least 0 dB SPL and was at least 6 dB above the noise floor (NF).
Behavioral testing
Behavioral methods, stimulus generation, and analysis are identical to those described in our previous publications unless otherwise specified (Dylla et al., 2013; Bohlen et al., 2014) . Monkeys were prepared for behavioral procedures with surgery that implanted a head holder on the head (Dylla et al., 2013) . The head holder allowed the head to be fastened to the superstructure of an acrylic primate chair that was designed to have no obstruction to sounds on either side of the head (audio chair, Crist Instrument Co., Hagerstown, MD). The head holder allowed the standardization of head position relative to the loudspeaker. A single calibrated loudspeaker (SA1 loudspeakers, Selah Audio) driven by linear studio amplifiers (SLA2, ART Pro Audio) was used to deliver tone and noise stimuli, and was located 90 cm from the ears.
The behavioral Go/No-Go task required the monkeys to hold down a lever to initiate trial. A target tone was presented on~80% of trials after a variable hold time (signal trials). The monkey was required to release the lever within a 600 ms response window beginning at tone onset. Reaction time was calculated for each correct release as the time of lever release relative to tone onset. Correct lever release (hit) was followed by fluid delivery. There were no penalties for not releasing the lever (miss), which was taken to indicate that the tone was not detected. Tone trials were interleaved with catch trials (~20% of trials) in which no tone was played. On catch trials, monkeys were required not to release the lever (correct reject). An incorrect lever release (false alarm) resulted in a variable time-out period. Monkeys were not rewarded for correct rejections.
Within each block, the background noise level was held constant, and the tone level could take one of eleven randomly interleaved values that were spaced within a ±30 dB range around an estimate of threshold. Tone levels were separated by 2.5 dB for levels within ±7.5 dB of the threshold estimate, and by 5 or 10 dB at higher and lower levels. Each of the behavioral tasks, described in more detail below, was performed before and after noise exposure.
The subjects performed tone detection in three noise conditions similar to those of Dylla et al. (2013) . Tones (200 ms duration, 10 ms rise fall times) having frequencies between .125 and 32 kHz were presented 1) alone, or in 2) continuous broadband (.040 to 40 kHz) steady white noise (SN), or 3) continuous broadband noise sinusoidally amplitude modulated (SAM) at 10 Hz. Overall noise levels are given in dB SPL; the level of the masker in a 1-Hz wide band can be obtained by subtracting 46 from the given masker level. In the SN condition, the noise level varied from 46 to 96 dB SPL or 51 to 91 dB SPL in 10 dB steps. SAM noise was created by modulating the SN at a 10-Hz modulation frequency, and 100% modulation depth. The root mean square SPL of the modulated and unmodulated maskers were equal to each other. Most of the SAM noise conditions used a root mean square level of 76 dB SPL.
Data analysis
Data analyses for behavioral experiments are identical to those used in Dylla et al. (2013) and Bohlen et al. (2014) . All analyses were based on signal detection theoretical methods (Green and Swets, 1966; Macmillan and Creelman, 2005) and implemented using MATLAB (Mathworks, Natick, MA). Briefly, for each block, we determined the false alarm rate (F) and the hit rate (H) for each tone level. We converted hit rates to behavioral accuracy that would be expected in a two-alternative forced-choice task for ease of comparison to planned neurophysiological experiments. Using signal detection theory,
where the z transform converts H and F into units of standard deviation of a standard normal distribution (z-score, norminv in MATLAB; Macmillan and Creelman, 2005) . The inverse z-transform (z À1 ) then converts a unique number of standard deviations of a standard normal distribution into a probability correct (pc, normcdf in MATLAB). Corrections were made to account for H ¼ 1, and for F ¼ 0 (see Dylla et al., 2013; after Macmillan and Creelman, 2005) . A Weibull cumulative distribution function was fitted to the plot of pc(level) for each condition (e.g. frequency, noise level, noise type) to generate a smooth relationship between behavioral accuracy and sound pressure level according to the following equation:
where c and d represent the estimates of saturation and chance performance, respectively, x is the tone level, and l and k represent threshold and slope parameters. To avoid levels below 0 dB SPL, the levels were translated such that all levels were greater than or equal to 0 dB, the translated values were fitted with a Weibull function, and then the levels were translated back by the same amount. From this curve fit, threshold was calculated as that tone level that corresponds to a probability correct value of 0.76 (corresponding to d 0 ¼ 1).
The analyses of the effects of noise on tone detection followed identical methods as described in Dylla et al. (2013) . Briefly, thresholds at different SN levels were computed as above, and regressed against the noise spectrum level. Threshold shift rate was calculated as the slope of the best linear fit of threshold vs. noise spectrum level. Thresholds were not included in the linear fit if they were not significantly different from thresholds for tones in quiet (see Dylla et al., 2013) . The effects of SAM noise re: SN were evaluated by subtracting the tone threshold in SN from the threshold in SAM noise. Fig. 2 illustrates pre-and post-exposure ABR thresholds and DPOAEs as a function of frequency. The pre-and post-exposure thresholds of the anatomy cohort from Valero et al. (2017) are shown in grey (pre-exposure) and pink (post-exposure), and the grey bar shows the noise exposure frequencies. Both monkeys showed permanent changes to frequency-specific ABR toneburst thresholds relative to baseline in both ears, similar to the anatomy cohort ( Fig. 2A and B) . Noise exposure resulted in an elevation in ABR thresholds between 2 and 8 kHz for both subjects, with greater threshold shifts observed for Monkey G than Monkey L. Monkey G also had large threshold shifts at 16 and 32 kHz, with no measurable response at 90 dB SPL at 32 kHz (similar to the anatomy cohort). Monkey L showed much smaller changes in threshold at those frequencies relative to Monkey G and the anatomy subjects. Monkey G's ABR thresholds matched the 8-week-post-exposure ABR thresholds of the 4 age-matched subjects from our previous study that were subject to 146 dB SPL exposure to the same narrowband stimulus (Valero et al., 2017) . Monkey L's ABR thresholds were lower than for the other five monkeys but still showed a frequency-specific effect of noise exposure. ABR thresholds were symmetrical between ears at baseline and post-exposure for both subjects.
Results
Physiological results
Baseline DPOAEs were robust for all ears tested (Fig. 2CeF , black), with distortion product (DP, the amplitude at 2f2-f1) levels up to 26 dB SPL that were up to 45 dB above the noise floor (NF) at all frequencies higher than 1.5 kHz. Immediately post-noise exposure, DPOAEs were completely absent for all ears at all frequencies tested (Fig. 1CeF, blue) . At multiple weeks post-exposure (Fig. 1CeF,  red) , DPOAEs remained absent for all ears except for frequencies higher than 6.1 kHz in Monkey L's right ear (Fig. 1F, red) . Though present, these DPOAEs from 6.1 to 8 kHz were reduced in level re: pre-exposure values. The NFs did not change with noise exposure. The reduced DPs suggest significant impairment to OHC function (Probst et al., 1991; Kemp, 2002) . The absence of DPOAEs in monkey G matches the results obtained for the four age-matched histological subjects in our previous study (Valero et al., 2017) .
Behavioral results
Audiogram e tone detection
Tone alone detection was measured pre-and post-exposure for each monkey. Fig. 3 shows example psychometric functions and reaction times from each subject before and after noise exposure (black and red symbols and lines, respectively) at an unaffected (500 Hz) and an affected frequency (4000 Hz) that showed large threshold changes. At 500 Hz, pre-and post-exposure psychometric functions were very similar for Monkey G (Fig. 3A) and Monkey L (Fig. 3E) , with the probability of correct detection increasing in a sigmoidal fashion as a function of tone level. At 4000 Hz, one octave above the center frequency of the noise exposure band, post-exposure psychometric functions were shifted to higher levels relative to pre-exposure for both monkeys (G: Fig. 3C ; L: Fig. 3G ). The corresponding increase in behavioral thresholds is illustrated by the separation in the dashed vertical lines. Post-exposure thresholds at 4000 Hz were higher by 57 dB (Monkey G) and 43 dB (Monkey L) relative to pre-exposure values.
Reaction times (RTs) were also calculated for each of the correct responses in each of the different conditions, pre-(black) and postexposure (red) for monkeys G (Fig. 3B and 3D ) and L ( Fig. 3F and  3H ). For each tone, as the level increased, the RT decreased, consistent with previous findings in macaques Dylla et al., 2013 ). The effect of tone level on RT was assessed by a linear fit of the RT vs. level, to calculate a reaction time slope. Reaction time slopes pre-and post-exposure were not statistically different at any frequency (p > 0.05, Kruskal Wallis test). The only observed effect was that the RTs and the linear fit were shifted to higher SPLs after noise exposure (compare black and red lines in Fig. 3D and 3H ). Fig. 4 shows the pre-and post-exposure audiograms for Monkeys G (Fig. 4A) and L (Fig. 4B) collected within the first 6 months after exposure, along with the changes in ABR threshold (grey lines and squares). Baseline performance showed greatest auditory sensitivity between 1 and 16 kHz, consistent with previous data (black lines and circles, Dylla et al., 2013; Pfingst et al., 1975 Pfingst et al., , 1978 Stebbins et al., 1966; Behar et al., 1965) . Following noise exposure, tone thresholds were significantly elevated at and above the exposure frequency of 2 kHz (red lines and diamonds). Monkey G (Fig. 4A) showed a large threshold elevation of 62 dB at 2.828 kHz. Monkey L (Fig. 4B) showed peak threshold elevations of 43 dB at 2, 2.828, and 4 kHz. Both subjects exhibited unchanged low frequency (0.125e1.0 kHz) thresholds post-exposure. Monkey G exhibited additional threshold elevation at high frequencies (16e32 kHz), with a 72 dB threshold change at 32 kHz, whereas Monkey L's thresholds over the 16e32 kHz range were smaller, with a 10 dB change at 32 kHz. The ABR threshold changes (calculated as the minimum difference between post-exposure and pre-exposure ABR thresholds across the two ears) were different across the two monkeys. Monkey G showed significant ABR threshold changes at 0.5, 1, and 1.4 kHz, where the behavioral threshold changes were zero or minimal. There were no ABR threshold changes for monkey L at these frequencies. Both monkeys showed significant ABR threshold elevations between 2 and 8 kHz, consistent with the observed behavioral threshold elevations. ABR thresholds could not be measured in monkey G at frequencies at or above 8 kHz, and ABR threshold changes are shown above the axis limits. In contrast, monkey L showed no ABR threshold changes at 16 and 32 kHz, consistent with minimal behavioral threshold changes at these frequencies. Despite the differences in magnitude of behavioral threshold change and differences in high frequency loss, there was a characteristic peak in threshold change above the exposure frequency.
Detection of tones in broadband steady noise (SN)
Exemplar pre-and post-exposure psychometric functions for tone detection in SN are shown in Fig. 5AeB for masker levels from 51 to 91 dB SPL (shown in the different colors) for Monkey L. Preexposure (Fig. 5A) , thresholds increased progressively with increasing masker level, as illustrated by the rightward shift of the psychometric functions. Following noise exposure (Fig. 5B) , psychometric functions to tones in quiet were shifted to higher noise levels at frequencies with hearing impairment. In the presence of hearing loss, identified by elevated thresholds in quiet (black line in Fig. 5A ), the range of threshold changes was reduced, resulting in smaller changes in threshold with increasing masker level. In other words, Monkey L's post-exposure detection threshold in quiet was higher than at baseline (compare black tracings in Fig. 5B and A, respectively), but the post-exposure masked tone threshold in 91 dB SPL SN was not significantly different from the pre-exposure values in the same condition (compare purple traces in Fig. 5B and A, respectively). We quantified the effect of background noise on detection thresholds by calculating a threshold shift rate (Dylla et al., 2013) , or the slope of the linear fit of tone detection threshold as a function of SN level (see inset of Fig. 5C ) and compared pre-exposure and post-exposure shift rates. Regressions did not include thresholds that were not significantly different from tone thresholds in quiet (typically within 2.5 dB). Monkey L's threshold shift rates at 0.5 kHz ( Figure 5C ) and 2 kHz (Fig. 5D ) at baseline and post-exposure illustrate the effects of noise on frequencies unaffected and affected by noise exposure, respectively. Pre-exposure (black lines, Fig. 5C and D) and at non-impaired frequencies post-exposure (red line, Fig. 5C ), the threshold shift rate was typically around 1 dB/dB (0.5 kHz pre-exposure: 0.97 dB/ dB, 0.5 kHz post-exposure: 1.1 dB/dB, 2 kHz pre-exposure: 1.0 dB/ dB). The threshold shift rate at 16 kHz for monkey G was an exception to this finding. That is, each 1 dB increment in noise level caused a 1 dB shift in threshold, consistent with observations for normal humans (Hawkins and Stevens, 1950) and macaques (Dylla et al., 2013) and with the 1 dB/dB shift rate that has been postulated for ideal detection behavior (Gibson et al., 1985) . At frequencies where audiometric thresholds were changed by noise exposure, such as 2 kHz (red line, Fig. 5D ), the threshold shift rate decreased to a value significantly less than the pre-exposure values (e.g., 2 kHz post-exposure: 0.75 dB/dB). Such shifted psychometric functions with increasing noise level were also observed for Monkey G; however, higher noise levels were required to shift thresholds in noise above the threshold for tones in quiet. Fig. 6 summarizes the threshold shift rate as a function of tone frequency pre-(black) and post-exposure (red) for Monkeys G (Fig. 6A) and L (Fig. 6B) . Pre-exposure, threshold shift rates were generally close to 1 across frequencies for both subjects. Following noise exposure, threshold shift rates decreased by the greatest amount for frequencies around that of the noise exposure band (grey bar, Fig. 6 ). When the exposure-related audiometric threshold changes were overlaid, the frequencies with the shift rate decrease overlapped with the frequencies showing the greatest audiometric changes (grey, Fig. 6A and B) . The decrease in threshold shift rates was statistically significantly at hearing impaired frequencies for both subjects (Student t-test, p < 0.05). Threshold shift rates at hearing impaired frequencies were lower for Monkey G than Monkey L, consistent with greater noise-exposure related audiometric threshold shifts (see also Fig. 8 ).
Detection of tones in broadband sinusoidally amplitude modulated (SAM) noise
For normal hearing monkeys, tone detection thresholds were lower in SAM noise than in SN, probably due to the subject's ability to hear the tone in SAM noise at times when the SNR is more favorable (Dylla et al., 2013) . Fig. 7 shows the effects of noise exposure on this masking release. In Fig. 7AeB , the psychometric functions are shown for detection of a 2.828 kHz tone in quiet (blue), and in 76 dB SPL SN (green) and SAM noise (red) for Monkey L. Pre-exposure (Fig. 6A) , the 76 dB SPL SN produced 52 dB of masking. In 76 dB SPL SAM noise (SN modulated at 10 Hz) the tone threshold was 14 dB lower than that in SN, indicating a significant release from masking. Fig. 7B shows data for Monkey L postexposure collected under similar conditions. Monkey L's threshold for the tone in quiet was elevated relative to the preexposure value (compare blue traces in Fig. 7A and B) . The 76 dB SPL SN produced 13 dB of masking (Fig. 7B, green) . The SAM noise produced about the same amount of masking, as indicated by the nearly overlapping psychometric functions for SN and SAM noise in Fig. 7B (compare green and red) . The thresholds were not significantly different (p > 0.05, permutation test) indicating that there was no modulation-based release from masking following noise exposure. To confirm that audibility was not the factor limiting performance, we retested at 86 dB SPL such that the threshold in SN was >20 dB above the unmasked tone threshold. Even at this higher noise SPL, the threshold in SAM noise was not significantly different from that in SN.
The masking release was quantified as the threshold change (threshold in SN e threshold in SAM noise) for each tone frequency pre-(black) and post-exposure (red) and for each monkey. As shown in Fig. 7C , Monkey L had 12e17 dB release from masking pre-exposure. After noise exposure, the masking release was significantly reduced for frequencies from 2 to 4 kHz and 16 and 32 kHz, getting close to 0 dB masking release (dashed line). These are shown alongside the audiometric threshold changes (grey), similar to Fig. 6 . The reduction in masking release occurs at frequencies where the thresholds had changed as a result of noise exposure. Fig. 7D shows that a lack of masking release was also observed for Monkey G. Following noise exposure, Monkey G continued to show some release from masking for frequencies below the exposure frequency (2 kHz, grey bar) but showed no release at higher frequencies. Additionally, monkey G's postexposure performance at some frequencies were even poorer: thresholds in SAM noise were higher than those in SN (Fig. 7D) . Similar to Fig. 7C , we observe that the frequencies with audiometric changes overlap the frequencies with reduction in masking release (Fig. 7D) .
Correlations between behavioral tests
We wanted to know how changes in masking were related to audiometric changes. Fig. 8A shows the change in audiometric threshold plotted against the change (pre-post) in threshold shift rate for Monkey L (red triangles) and Monkey G (blue squares). These were correlated for one monkey but not for the other (Spearman's correlation; Monkey L: r ¼ 0.516, p ¼ 0.10; and Monkey G: r ¼ 0.821, p ¼ 0.031). The regression lines for the data from two monkeys are shown in different colors. This result suggests that the greater the hearing loss following noise exposure, the better the correlation with threshold shift rate.
Fig . 8B shows the relationship between change in audiometric threshold and the reduction in masking release (threshold in SAM noise e threshold in SN). While it appears as though there was a strong correlation between the two variables, calculation of a Spearman's correlation between the reduction in masking release and the change in audiometric thresholds showed that there was no correlation between the two variables (Spearman's rho: Monkey
The best linear fits for the two monkeys' data are shown.
Correlations between behavioral tests and cochlear histology
In a previous study, we documented cochlear histopathological changes after noise exposure (Valero et al., 2017) . Because the two monkeys (monkeys G and L) are still being studied, we investigated the correlation between the behavioral changes as a function of frequency reported above and the histopathological changes as a function of cochlear frequency place in the other cohort. This cohort was comprised of four male macaques that were exposed to the 146 dB SPL narrowband noise for 4 h under identical sedation procedures. These monkeys were also male and in the same age range as Monkeys G and L (9e11 years old). Both ears of each animal in this cohort were analyzed for histology.
We were interested in the correlations between the anatomical measures and the behavioral measures. However, since monkey L was exposed to a different noise than the anatomy cohort and monkey G, comparisons with the data from the anatomy cohort are inappropriate. Table 1 documents the crosscorrelations between monkey G's behavioral changes as a function of tone frequency and the histological changes observed in the IHC, OHC, and ribbon synapse counts as a function of cochlear frequency place. Monkey G's tone detection thresholds in quiet and in SN were significantly correlated with each of the histological measures (Table 1 ). The IHC, OHC and synapse counts were also correlated with Monkey G's reduction in masking release.
Discussion
Comparisons with previous studies of noise exposure in animals
Many previous studies of noise exposure in animal models are limited in their applicability to humans due to lack of behavioral Fig. 6 . Effect of noise exposure on threshold shift rate. In both panels, the grey bar shows the frequency range of the noise exposure. A: Threshold shift rate is shown as a function of tone frequency for monkey G. Pre-exposure shift rates are shown as black circles, and post-exposure shift rates are shown as red diamonds. Overlaid on these is the change in audiometric threshold as a consequence of noise exposure (grey squares). B: Similar to A, but for monkey L. Asterisks represent frequencies where the pre-and post-exposure shift rates were significantly different (p < 0.01, t-test for slopes). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) measures or because of dissimilarity in auditory system neuroanatomy or physiology. Patients seen in the clinic for NIHL do not often complain of problems with detection of low-level tones in quiet, but they have difficulty with suprathreshold processing, such as understanding conversational speech in noisy environments. The macaque model of NIHL allows studies of more perceptually complex listening tasks in a model species phylogenetically very similar to humans. In addition, significantly higher noise levels were required to induce a permanent threshold shift in these macaques than were needed to create similar hearing losses in other animals (see Valero et al., 2017) . Those data guided the choice of sound levels used in these studies.
There is a large literature on the behavioral effects of noise exposure in many animal models, including chinchilla (e.g. Eldredge et al., 1973; Clark et al., 1974; Slepecky et al., 1982) , cats (e.g., Miller et al., 1963; Elliott and McGee, 1965; Dolan et al., 1975) , mice (Heffner et al., 2008) , guinea pigs (Davis et al., 1953; Rüedi, 1954) , rats (Lobarinas et al., 2017) and macaques (e.g., Hawkins et al., 1976; Moody et al., 1978; Stebbins et al., 1979) . In most of these models, hearing loss was measured via ABR thresholds and detection of tones or noise presented in quiet. Similar to these studies, we showed 20e40 dB SPL elevations in ABR thresholds following noise exposure, with the greatest changes at frequencies higher than the exposure frequencies (Fig. 2AeB) . Changes in the behavioral audiogram were related to changes in the ABR thresholds, but were not identical. It is evident that although ABR thresholds can be used to assess one dimension of hearing sensitivity, they do not always accurately estimate absolute behavioral thresholds (Heffner et al., 2008) . Monkey G (Fig. 4A ) and Monkey L (Fig. 4B) showed similar audiometric changes to those shown previously for macaques exposed to a lower level of noise for a longer duration (octave-band noise, 8 h/day for up to 20 days, 120 dB SPL; Moody et al., 1978) . While the exact configuration and degree of hearing loss is different between animal models and exposure stimuli, the changes in Monkey G and Monkey L's audiograms were similar to those found in other studies in showing a 40e60 dB hearing loss at frequencies above that of the noise exposure stimulus.
One surprising difference between our subjects on other animals is that reaction time slopes did not get significantly steeper following overexposure. Other studies have shown a relatively consistent effect of noise in increasing reaction times (e.g., Moody, 1973) . In the human literature, many people with hearing loss experience recruitment, an abnormally rapid growth of loudness with increasing level. Given that reaction time has been shown to be a good index of loudness perception (e.g., Stebbins, 1966) , animals with loudness recruitment following noise exposure should have a steeper slope of the RT versus level function. This was not the case for our subjects. It is possible that an effect would be seen with a greater sample size or a different measure of reaction time.
Because we currently only have data from one subject under each exposure condition, we are limited in our ability to draw conclusions about the variability in susceptibility between subjects. Additionally, although 141 and 146 dB SPL may sound similar, the OSHA guidelines for occupational noise exposure suggest that the 5 dB increase in noise level is equivalent to doubling the noise dose. The differences between the audiograms of monkeys G and L most likely relate to the differences in exposure level. Variability between subjects exposed to identical noise levels has been studied in guinea pigs (Cody and Robertson, 1983; Wang et al., 2002a,b) and mice (Wang et al., 2002a,b) . There is significant variability even between highly inbred strains of animals exposed to identical noise stimuli in terms of their histological, physiological, and behavioral changes (e.g., Wang et al., 2002a,b; see Valero et al., 2017 to see histological variability in macaques exposed to the same 146 dB SPL narrowband noise).
The relationship between age-related hearing loss and noise exposure also merits some discussion. Our pre-exposure thresholds match the normative young animal data in the literature (Fowler et al., 2002 (Fowler et al., , 2010 . The pre-exposure ABR thresholds were a little higher than those reported by Engle et al. (2013) ; however, this difference can be explained by the shorter stimulus durations used in our study relative to the 10-ms tone bursts used in ABR measurements by Engle et al. (2013) . Previous studies of geriatric macaques (>21.5 yrs) showed abnormalities in ABR amplitude and latency (Ng et al., 2015) , with ABR thresholds becoming poorer (Fowler et al., 2010) . Given that our subjects were both substantially younger than these populations, it is unlikely that age related hearing loss was a significant contributor to the changes in threshold we measured.
The audiogram is unlikely to be an accurate predictor of hearing ability in all types of noisy backgrounds. Not surprisingly, the changes in audiometric threshold were correlated strongly with the change in threshold shift rate following noise exposure for monkey G, but not for monkey L (Fig. 8A) . Frequencies that had large changes in audiometric thresholds also had greater deviations from pre-exposure threshold shift rate. The audiometric changes were not correlated with reduction in masking release following noise exposure for both monkeys (Fig. 8B) .
Measures other than the detection of tones in quiet have been studied in far fewer animal models than the audiogram. A gapdetection task has been used to measure temporal processing in noise-exposed chinchillas (Giraudi-Perry et al., 1982) . Gap thresholds were identical to those for normal hearing when threshold shifts were 15 dB, were normal when sensation level (SL) was equated at threshold shifts of 30 dB, and were longer than normal even at equal SL for threshold shifts !40 dB. Our monkeys show significant PTS !40 dB (Fig. 4) , suggesting they could also show increased gap thresholds.
Comparisons with data from humans with hearing loss
In humans, noise exposure often results in a high frequency hearing loss with a "noise-notch" between 3 and 6 kHz (Davis et al., 1950) . While occupational noise exposure is regulated, a person's lifetime noise exposure is extremely difficult to quantify. The effects of noise exposure may be combined with other effects from smoking, impaired vascular flow, and genetic predisposition (Yang et al., 2016) . These factors make identifying noise exposure as the sole contributor to a person's hearing loss impossible.
The effects of noise exposure on macaques were similar to the effects seen in humans. The high-level noise exposure caused a permanent elevation in audiometric thresholds at or just above the peak noise exposure frequencies, an effect that is regularly reported in the human clinical population. Davis et al. (1950) showed the effect of narrowband noise exposure might be variable across human subjects. Monkey G and Monkey L's "noise notch" fell at 2e4 kHz (Fig. 3) . The high levels of exposure noise that caused such Valero et al. (2017) were exposed to 146 dB SPL noise as part of a series of exposures that varied from animal to animal, with only one animal exposed to a single 146 dB SPL exposure as the current Monkey G.
hearing loss are consistent with results in humans showing that even 130 dB SPL exposure stimuli mainly caused temporary threshold shifts that recovered (Davis et al., 1950 ; however, note that three subjects showed PTS at frequencies far removed from the exposure frequency). In our companion anatomical report, we discuss lack of effect of PTS in the ABR even for 140 dB SPL exposures (Valero et al., 2017) . For humans with hearing loss, the audiogram's relationship to other metrics of hearing depends largely on the type of hearing loss and the speech test used (Smoorenburg, 1992) . While the pure tone average is typically in agreement with speech recognition threshold (SRT) in quiet, the SRT in noise was correlated with audiometric thresholds above 1 kHz, specifically the thresholds at 2 and 4 kHz (Smoorenburg, 1992) . Plomp (1978) found that the SRT in noise was affected not only by the lack of audibility of the signal, but also by a distortion factor (D) that represented suprathreshold processing deficits, while Lee and Humes (1993) suggested that this could potentially be accounted for by reduced audibility. The debate between the effects of audibility and the effects of suprathreshold processing deficits has become of greater interest since it has been postulated that synaptopathy may have an effect on speech processing in noisy backgrounds without affecting the audiogram (Kujawa and Liberman, 2015) . Threshold shifts with increasing noise level like those seen in Monkey G and L pre-exposure (Figs. 5A and 6) or other normal hearing macaques (Dylla et al., 2013) have been described in humans (Hawkins and Stevens, 1950) . The changes in threshold shift rate observed in our noise-exposed macaques were also demonstrated in humans with sensorineural hearing loss. Threshold shift rate was less than that in normal hearing subjects when the masker had a lower frequency than the signal (Murnane and Turner, 1991; Stelmachowicz et al., 1987) . These studies also identified a relationship between slope of the masking function for a signal and the threshold for the same frequency signal: the greater the slope, the lower the threshold for tones in quiet. We found a similar relationship in noise-exposed macaques (Figs. 6 and 8A).
For normal hearing animals and humans, tone detection in noise can be improved by amplitude modulating the noise (e.g., Bacon et al., 1997) , presumably by the subjects listening in the dips of the noise, when the SNR is higher than for SN. This improvement in threshold is best for low frequency modulations as they provide the greatest duration of improved SNR. Prior to noise exposure, our subjects had a 10 to 20 dB masking release. This masking release was reduced for some signal frequencies after exposure (Fig. 7) . However, the reduction in masking release was not related to the audiometric changes (Fig. 8B) .
Correlations between physiology, behavior, and histopathology
The benefit of using the nonhuman primate model of NIHL is that we can study behavior, physiology, and anatomy in the same subjects before and after controlled noise exposure. This allows for correlations and comparisons between each measure. Better understanding of the cochlear pathology that underlies difficulty in certain listening tasks would lead to more specific diagnostic evaluations and more targeted treatments. Engle et al. (2013) investigated cochlear changes with age related hearing loss and showed that changes in cochlear histology were related to the age of the animal, but because of the restricted age range of our subjects, this age effect is likely limited in our study.
Using behavioral and physiological measures to estimate the degree and site of cochlear pathology is important for diagnosis of human disorders affecting the cochlea because it is impossible to visualize the problem directly in living subjects. OHCs are implicated in frequency tuning and creating the nonlinearities of the cochlea (Cody and Johnstone, 1981; Robles and Ruggero, 2001) . Animal studies show that dysfunction of OHCs can account for up to 50 dB of hearing loss (Ryan and Dallos, 1975; Dallos et al., 2008; Stebbins et al., 1979) . Damage to OHCs is seen in reduced or absent DPOAEs, broadened auditory filters, and permanent threshold shifts. Our subjects showed absent DPOAEs following noise exposure (Fig. 2CeF) and PTS in the ABR and in the behavioral audiogram. Behavioral data from Monkey G and L also indicate broadened auditory filters in the regions of hearing loss (Burton and Ramachandran, unpublished observations) .
Ribbon synapses are a specialized type of synapse responsible for the fast transmission of information from the inner hair cells to the auditory nerve fibers. Recent studies in animal models have shown that these synapses, not OHCs as previously thought, are the element most vulnerable to damage from noise (Kujawa and Liberman, 2006 , 2009 . Our cohort of macaques that were part of the anatomy study showed significant synaptopathy in a frequency dependent manner (Valero et al., 2017) . The studies of synaptopathy are currently limited to small mammals and have typically not involved behavioral tasks (however, see Lobarinas et al., 2017) . The predicted consequence of synaptopathy is a decline in temporal processing and the total auditory nerve response at suprathreshold SPLs and a minimal effect near threshold (Kujawa and Liberman, 2009) .
While the effects of noise exposure on the cochlea are important, it is very likely that the behavioral deficits are also related to the well-described changes in more central structures. Noise exposure may cause changes in the spiral ganglion numbers, with neuropathy increasing with time after exposure (e.g., Kujawa and Liberman, 2009 ). These changes are probably correlated with fiber degeneration in the cochlear nucleus (e.g., Morest and Bohne, 1983; Morest et al., 1998) and transneuronally in the superior olive and the inferior colliculus (e.g., Morest et al., 1979 Morest et al., , 1998 . There is a change in the balance of excitation and inhibition in more central structures as a result of the noise exposure, with upregulation of excitation and down-regulation of inhibition (e.g., Kotak et al., 2005; Sarro et al., 2008) . Further, neurophysiological representations of sound are modified more centrally (e.g., Schwaber et al., 1993; Wang et al., 2002a,b; Race et al., 2017) , which could lead to altered evidence accumulation and altered percepts after noise exposure and hearing loss.
Having the ability to determine the contribution of each of the major structures in the cochlea and the brain to various auditory tasks may be useful for more accurately diagnosing a patient's hearing loss and devising specific treatments. It is clear that clinical audiology and research efforts that assess auditory function in animal models or humans will have to reach beyond the traditional audiogram for comprehensive assessments of auditory function.
